3A3095).
Introduction
In frog skin two major types of glands have thus far been described: granular or poison glands and mucous glands (Engelmann, 1872) . The structure and secretory products of the poison glands are well elucidated (a variety of different regulatory and antimicrobial peptides) (Bevins and Zasloff, 1990; Flucher et al., 1986; Erspamer, 1971 ). However, fewer data are available on the mucous glands. Some reports indicate that they can be subdivided into exclusively mucous and seromucous glands, both of which contribute to mucous secretion in Rana pipiens, Rana temporaria, and Rana catesbeiana (Mills and Prum, 1984) . However, others state that only mucous cells can be visualized in Rana fuscigda (EIS and Henneberg, 1990) and in X. Laevis (Spannhof, 1953/54) .
Since X l'aevis is widely used as an experimental animal, a series of studies have been made of the mucous glands in the skin of this frog, such as molecular analyses of their secretory products, i.e., frog integumentary mucins FIM-A.1 (Hauser et al., 1990; Hoffmann, 1988) . FIM-B.1 (Probst et al., 1990 (Probst et al., ,1992 , and FIM-C. . Of these mucins, FIM-A.l represents a predominant mucin in secretions of the skin of X. l'aevis (Ptobst et al., 1992) . FIMs in general consist of threonine-rich repetitive moieties which are targets for extensive 0-glycosylation (Hauser et al., 1990) . Further evidence for extensive glycosylation in the mucous gland of X. laevis is derived from histochemical studies on the mucous secretions in which certain lectin-binding sites have been detected in these glands Genten, 1989,1990) . Furthermore, FIMs contain cysteine-rich modules, primarily at their terminal positions. Some of these domains are probably involved in the formation of polymers that appear to be indispensable for the gel-forming capacity of mucins. In general, FIMs are highly polymorphic (Hoffmann and Hauser, 1993; Probst et al., 1992; Hauser et al., 1990) and for FIM-B.1, polydispersities within each individual are induced by alternative splicing (Probst et al., 1992) .
In the mucous glands of X. l'aevis a particular cell type described as a cone cell can be noted at the proximal pole of the gland (Spannhof, 1953154) . A similar cell type likewise occurs in R. fuscigda (EIS and Henneberg, 1990) , whereas it does not seem to be present in the mucous glands of other frog species. In X. faevis, cone cells fail to synthesize FIM-A.l (Hauser et al., 1990) and were believed to be degenerative cells at the end of their life cycle and their precursors to have moved down from the ductal portion to the terminal portion of the gland (Spannhof, 1953/54 ). X laevis skin is widely used in biomedical research to study transport processes across epithelia. However, integrative histochemical and biochemical data on the secretory products of the mucous gland from this species are lacking. The aim of this study was to analyze the morphology and chemical composition of the mucous gland in X. laeuis by combined morphological, histochemical, and biochemical techniques. Special emphasis was placed on the structure and mucous contents of the cone cells, in which secretory products
have not yet been identified.
Materials and Methods
General Histology and Conventional Carbohydrate Histochemistry. Small pieces of dorsal and ventral skin from five adult female animals (from The Herpetological Institute Drs W. de Rover, Turnhout, Belgium) were fixed in 4% buffered paraformaldehyde and processed in a graded ethanol series and xylene to paraffin. Seven-pm thick sections were cut on a Leitz sledge microtome and rehydrated in a series of graded ethanols. The following stainings and histochemical reactions were employed: hematoxylin-eosin (HE); periodic acid-Schiff reaction (PAS); and a high-iron diamine technique according to Spicer (1967) as modified by Culling (1974) (all above mentioned techniques were carried out according to this reference). Alcian Blue of different pH (2.S and 1) values according to Lev and Spicer (1964) or with different amounts of MgC12 (0.2, 0.4, 0.6, 0.8, 1.0 M) added according to Scott and Dorling (1965) was used to differentiate between carboxylated and sulfated mucins. In addition, Cupromeronic Blue (Aldrich; Milwaukee, WI) dissolved in acetate buffer containing 0.8 M MgCl2 (Scott and Dorling, 1965) was used.
Lectin Histochemistry. Paraffin sections were processed as described above, brought to 0.1 M Tris-buffered saline (TBS, pH 7.4) containing 2 % CaClz (w/v), and incubated for 30 min in a Shandon Sequenza immunostaining center with 100 pl (of a 100 pglml lectin solution) of fluorescein isothiocyanate (FIX)-labeled lectin (Sigma; Poole, UK). The abbreviations for the lectins and their suga~ specificities are shown in Table 1 . The specificity of the lectin staining reactions was substantiated by adding 0.3 M of an appropriate inhibitory saccharide (Table 1; for PHA-LIE thyroglobulin was used as an inhibitor). For the neuraminic acid-specific lectins SNA and MAA, pre-digestion with Type X neuraminidase from Clostridium perfringens (Sigma) in 0.5 M sodium acetate buffer, pH 5.5, was carried out at 37°C overnight (Plendl et al., 1989) . After careful washing in TBS, tissue sections were mounted in Aquatex (Merck Darmstadt, Germany) and viewed with an Olympus BH2 fluorescence microscope. The intensity of fluorescence was semiquantitatively assessed from 0 = no fluorescence to + + + = intensive fluorescence. The level of fluorescence intensity of the majority of cells was chosen for the rating. This semiquantitative assessment offluorescence intensity served as a basis for choosing the lectins for Western blot analysis (see below). Photomicrographs were taken with Kodak TMAX 400 black-and-white film.
Immunohistochemistry. For immunolocalization of FIMs, three antipeptide antisera were generated by coupling the synthetic peptides to keyhole limpet hemocyanin and immunizing rabbits with the conjugates as reported (Konigstorfer et al., 1989) . All three polyclonal antisera have been described previously: Spl-5 against the C-terminal end of FIM-A.l (Hauser et al., 1990) . FIM-1 against a short consensus repeat sequence of FIM-B.l (Probst et al., 1992) , and IM-1, diluted 1:1000, was raised against a synthetic peptide from a short consensus repeat sequence (Probst et al., 1992) . whereas the anti-FIM-C.1 antiserum was generated against a synthetic peptide SVMNVPWCFFYRT (SKP-1) representing the C-terminal end of FIM-C.1 . The sections were dewaxed in xylene, rehydrated through a graded ethanol series, and brought to PBS. Rehydrated sections were incubated in a Shandon Sequenza immunostaining Center with the primary rabbit anti-FIM-A.l antibody (diluted 1:lOoO) for 30 min at room temperature (RT), washed in PBS, and then reacted with a rhodamine-labeled anti-rabbit antibody (Sigma) (diluted 1:30) for 30 min at RT. After careful rinsing in PBS, the lectins were applied as described above [for further details on double labeling with lectins see Adam et al. (in press) ]. Since the level of sensitivity of the indirect immunofluorescence method used for detection of FIM-A.l immunoreactivity was insufficient for detection of FIM-B.l and FIM-C.1, an avidin-biotin method was used to amplify the signal. For detection of FIM-B.l and FIM-C.l, dewaxed sections were incubated in 0.3% H202 in methanol for 30 min to inhibit the activity of endogeneous peroxidase, washed in 0.1 M PBS (pH 7.4). and anti FIM-B.l (diluted 1:lOOO in PBS) or anti-FIM-C.1 (diluted 1:2000 in PBS) antibody was applied to the sections overnight at 4'C. After washing in PBS, a biotinylated goat anti-rabbit antibody (Sigma) (diluted 1:lOOO) was applied to the sections for 1 hr. They were then washed in PBS and treated with an avidin-biotin-peroxidase complex (ABC Elite Peroxidase Kit; Vector Laboratories, Peterborough, UK) to visualize immunoreactivity. As a control for the immunostainings, pre-immune sera were applied to tissue sections at the same dilution as the primary antisera.
To assess the proliferating cells of the gland, immunostaining for the proliferating cell nuclear antigen (PCNA) with an anti-PCNA antibody (Novacastra Laboratories; Newcastle upon Tyne, UK) and a standard avidin-biotin complex (anti-mouse ABC kit; Vector) linked to peroxidase was performed. After rehydration and blocking of endogeneous peroxidase (as above), sections were incubated with 1.5% normal horse serum for 20 min at RT (part of the ABC kit) and then with the 1:200 diluted PCNA antibody overnight. After rinsing in PBS, the sections were incubated with a 1:200 diluted anti-mouse biotinylated antibody for 1 hr. After a further wash in PBS, the ABC peroxidase complex was applied for 4 hr. Then the sections were rinsed in PBS and the DAB-Hz02 reaction was carried out for visualization (for further details see M~llgird and Schumacher, 1993) .
Electron Microscopy. Small pieces of frog skin were fixed in a phosphate buffer containing 4% paraformaldehyde and 2 % glutaraldehyde, post-fixed in 1% aqueous 0~04, and embedded in Araldite. Semi-thin sections were stained with 1% toluidine blue or with PAS (Bock, 1984) . Ultrathin sections were cut on a Reichert Ultracut E ultramicrotome, stained with uranyl acetate and lead citrate (Glauert, 1967) , and viewed in a Phillips EM 300 transmission electron microscope.
Biochemistry. The skin of a wholeX fuevi'was removed, cut with scissors, and sonicated. After centrifugation to remove debris, FIMs from the supernatant were enriched by chromatography on a Sephadex G-200 column as described previously (Probst et al., 1992) . The elution profile was continuously monitored, measuring the absorption at 280 nm. Aliquots (20-50 pl) of each 5-ml fraction collected were separated on 5% SDS-PAGE and proteins were transferred onto nitrocellulose (Towbin et al., 1979) . After blocking with Tween-20 (Batteiger et al., 1982), peroxidase-conjugated HPA (1 wg/ml; Sigma), which recognizes N-acetylgalactosamine, a sugar commonly found as a terminal carbohydrate in 0-glycosylated glycoproteins (Hughes, 1983) . was used for Western analysis according to Hawkes et al. (1982) . A typical fraction was also analyzed with one of a series of peroxidaseconjugated lectins (WFA, BPA, MPA, GSA-IB4, DBA, 10 pglml; see Table  1 ) (Medac; Hamburg, Germany). For comparison, this fraction was also stained with an antiserum to FIM-A.l (SPL5, diluted 1:lOOO) (Hauser et al., 1990) or to FIM-B.l (FIM-1, diluted 1:200) (Probst et al., 1992) . These immunoblots were visualized with a second peroxidase-conjugated goat andrabbit IgG (diluted 1:SOOO) Uackson Immunoresearch; West Grove, PA) as described (Konigstorfer et al., 1989) .
Pre-immune sera and lectins incubated with inhibitory monosaccharides were used as specificity controls.
Results

Light and EZectron Microscopy
In X. laevis the acini of the mucous glands lay subjacent to the dermis and the mucin-producing cells exhibited a foamy appearance in HE-stained preparations. The nuclei of these cells were situated in the base of the cells near the basement membrane (Figure  1) . In the gland, two types of cells could be identified: ordinary mucous cells and cone cells recognized by the bulging of their cell body into the lumen of the glandular acini. The cone cells were randomly distributed within individual acini in the same animal. The glandular acini of some animals contained very few cone cells, whereas those of others contained many such cells.
The cytoplasm of cone cells was stained in dark-blue shades with toluidine blue, whereas that of the ordinary mucous cells was metachromatically colored. In four of the five animals used, cone cells could be identified easily because they stained more vividly with PAS than ordinary mucous cells (Figure 2 ). In two of the five animals the cone cells were more vividly stained with Alcian Blue at p H 2.5 compared with ordinary mucous cells. Alcian Blue with 0.2 M MgC12 stained ordinary mucous and cone cells weakly, so that these two cell types could not be distinguished from each other. Alcian Blue with higher MgCl2 concentrations failed to stain any of the glandular structures. In four animals ordinary mucous cells were stained in blue-black shades with Cupromeronic Blue and cone cells were stained an intensive dark black-blue in three animals, whereas cells of the epidermal layer were stained in light-blue shades. In three animals, high-iron diamine did not stain mucous glands, whereas in two animals there was a feeble positive reaction in the gland.
In transmissionelectron microscopy, ordinary mucous cells were packed with electron-lucent reticulated granules and their nuclei were situated in the cell base where a thin rim of the cytoplasm surrounded it. Cone cells were densely loaded with two types of mucin granules: electron-lucent reticular granules similar to those in ordinary mucous cells and granules containing an electron-dense core and surrounded by a halo (Figures 3 and 4 ). In the latter granules, dense spine-like radiations from the core expanded into the surrounding halos ( Figure 4 ). In both cell types, cell organelles such as endoplasmic reticulum, Golgi apparatus, and mitochondria were hardly detected, perhaps owing to the abundance of mucin granules.
Lectin Histochemistry
Both ordinary mucous and cone cells reacted variably with a wide variety of lectins; the results are summarized in Table 2 . All the N-acetylgalactosamine-specific lectins, except for DBA and SJA, reacted with ordinary mucous cells in four of five animals ( Figure  5) . In an animal exhibiting negative reaction of ordinary mucous cells for these lectins, cone cells did react with these lectins ( Figure  6 ). The positive reaction of galactose-specific lectins in ordinary mucous cells was restricted to APA,JAC, and GSA-IB4. MPA also reacted vividly with cone cells. In contrast, PNA and RCA I1 selectively labeled cone cells. Of the N-acetylglucosamine-specific lectins, only WGA reacted vividly with ordinary mucous cells in four of five animals. However, GSA I1 reacted with these cells in an animal with ordinary WGA-negative mucous cells. Lectins specific for fucose, mannose, or complex branched carbohydrates failed to react with both cell types in the gland, whereas the neuraminic acidspecific lectin SNA reacted with ordinary mucous cells in two animals and with cone cells in one animal. MAA did not react with any glandular structures.
In control tissue sections incubated in lectin solutions containing an appropriate inhibitory saccharide, lectin binding to the glands was completely inhibited with SBA, GSA-I, HPA, WA, WFA, PNA, RCA-11, and GSA-11, and WGA and APA showed fluorescence of markedly diminished intensity. Likewise, a considerable reduction of SNA fluorescence intensity was noted when sections were pretreated with neuraminidase. No inhibition was achieved for JAC and MPA.
FIM Immunolocalizaton AZone and Combined with Lectin Labezing
FIM-A. 1 immunoreactivity was demonstrated only in ordinary mucous cells, and no reactivity was revealed in cone cells (Figure 8 ). In a double-immunofluorescence labeling experiment, FIX-labeled lectins reacted with ordinary mucous cells but not with cone cells.
, I I I The same cells reacted positively with the lectins and with antibody to FIM-A.l (Figures 7 and 8) . In contrast, FIM-B.l and FIM-C.l were localized predominantly in cone cells and in mucin in the lumen of the glandular acini (Figures 9 and 10 ).
PCNA Staining
Neither ordinary mucous nor cone cells stained with PCNA antibody. Positive PCNA staining was revealed in nuclei of squamous to cuboidal epithelial cells lining the transitional parts between the glandular acini and duct cells and the duct cells themselves (Figure 11 ). In addition, nuclei of connective tissue cells surrounding the gland and nuclei of basal cells of the epidermis also reacted with the PCNA antibody.
Gel Electrophoresis and Western Blot Analysis
The high molecular weight mucins FIM-A.l and FIM-B.l can be separated from the bulk of smaller proteins and peptides from skin secretions of X. Luevis by gel filtration. These are the constituents of the first peak in Figure 12A , which clearly shows that a high molecular weight peak (dotted area) contains two HPA-binding regions, i.e., a relatively sharp band with an MW of approximately 160 KD and a diffuse region with an MW >>250 KD (Figure 12B) . In contrast, HPA-reactive material was not detected at all in two peaks representing low molecular weight products (fractions >26; data not shown). The control blots did not reveal any staining.
In Figure 13 , a typical mucin-containing fraction (No. 17 from the elution profile illustrated in Figure 12B ) was analyzed with different lectins and with antibodies to FIM-A.l and FIM-B.l in Western blots. The major double band (MW >160 KD), thought to represent FIM-A.1, stained with all the lectins tested except for DBA. In the diffuse h i g h -m range (MW >>250 KD), FIM-B.l contributed simply as a minor component to the complex mixture of FIMs, and such a mucin binds N-acetyl galactosamine-specific lectins well (Figure 13 ).
Discussion
Using a series of different histochemical techniques for carbohydrates, including those of lectin histochemistry, the carbohydrate moieties of mucins elaborated by both ordinary mucous cells and cone cells were characterized in this study. The vivid positive PAS reactions of the cone cells indicate that these cells still store mucinous glycoconjugates and that they are actively involved in mucin secretion but do not represent apoptotic cells as previously reported (Spannhof, 1953/54) . This concept is further substantiated by the fact that two types of mucins, FIM-B.l and FIM-C.1, were localized predominantly in these cells, which reveals a specialization of mucin production in one gland. Such a variation in mucin peptides with different cell types leads to the speculation that the functions of these different mucin peptides are varied, i.e., this separation of mucin production into different cell types may be a requirement for modulation of mucous secretion in such a way that ordinary mucous and cone cells independently regulate their mucin elaboration and release. The specialization of the cone cells for mucous production is likewise reflected by the visualization of densecore granules in their cytoplasm by electron microscopy. Similar granules with dense cores have been reported to occur in other secretory cells [mucous gland of Eitgms cristutm (Fox, 1986) ; skin gland in Zchthyophis (Amphibia, Caecilia) (Fox, 1987) ; human duodenal gland cells (Krause, 1988) ; Paneth cell of the mouse (Spicer et al., 1967) ; surface mucous cells ofhuman airways (Spicer et al., 1983) ]. The presence of such granules likewise argues against a dying type for cone cells, since apoptotic cells are considered to have released all their secretory products. The absence of significant amounts of cell organelles such as rough endoplasmic reticulum, Golgi apparatus, and mitochondria indicates that in these cells actual mucin synthesis is completed and they are filled with mucin granules. In addition, the negative PCNA immunoreactivity in the cone cells indicates that they are not of a stem cell type.
In this study the results obtained by conventional mucin histochemistry are more difficult to comprehend compared with those yielded by immunohistochemistry, because there was greater variability in staining in the former than in the latter. However, the staining patterns obtained by Alcian Blue, Cupromeronic Blue, and high-iron diamine methods appear to indicate that only carboxylated carbohydrates and those sulfated are not present in this gland if the staining pattern of these dyes is taken into account (Schumacher and Adam, in press ). The binding patterns of these dyes could be compatible with the presence of hyaluronic acid in the gland. Because this carbohydrate molecular species has thus far been found only in extracellular matrices and not in secretory products (Beaty and Mello, 1987) , however, it is assumed that other carboxylated glycoconjugates, such as neuraminic acid, could be responsible for this reactivity, particularly as this saccharide residue has been demonstrated by lectin analysis. Since only the high MW products from X. l a v i s skin secretions reacted with lcctins on Western blots (see Figure 13 ). most if not all of these products probably represent a variety of integumentary mucins, e.g., FIM-A.] and FIM-B.1. This suggestion is in keeping with the histochemical localization of lectin reactions in mucous glands and not in granularlpoison glands in this study. From the unusually complex pattern of the electrophoresis gels (Figures 12  and 13) . we can speculate that an enormous variety of different mucins may occur in X. Iuevis skin secretions. This speculation is consistent with the discovcry of at least one more member of this group of FIMs. i.e., FIM-C.1 .
According to the known chemical structure of FIM-A.] (Hoffmann, 1988), approximately 100 threonine residues within it are possible candidates for 0-glycosylation. The strong to moderate binding of galactosamine-and galactose-specific kctins, such as APA, to the present mucin indicates that glycosylation of these threonine residues is likely realized, since these lectins bind prcferentially to 0-glycosylation sites represented by the threonine residues Uoncs et a!.. 1992b). In contrast. only a single potential N-glycosylation site is dcrectable and this contributes to the MW only slightly. Howcver, no binding of ConA, LCA. PSA. PHA-L and E, typically known to bind to Carbohydrates linked via N-glycosylation to proteins (Jones et al., 1992a) . was noted in ordinary mucous or cone cells in our study. This indicates either the absence of glycosylation at these N-glycosylation sites or a low concentration of N-linked sugars that wcre undetectable with the methods employed in this study. Therefore. 0-glycosylation is responsible for the extremely high sugarcontent of the mucin (about 70%) (Hauscr et al.. 1990) . and this is revealed histochemically by the intense staining with a series of lectins recognizing N-acetylgalactosamine (e.g., WFA. BPA. HPA) ( Figure 9 ) or galactose (GSA-IB4). which are occasionally terminal sugar residues in mucin-type glycoproteins (Strous and Dckkcr, 1992) . The variations in N-acctylgalactosamine-specific lectin binding among species can likewise be attributed to such mucin-type glycoproteins. which can involve blood group substances in humans [e.g., HPA is blood group A-specific (Lcathem, 1986)j.
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Terminal Carbohydrate residues of mucins in X. luevis can obviously vary between individuals. Whether this variation is due to the presence of such blood group-like substances in the mucin examined is only speculation.
The present study has also revealed that lcctins that bind to the same nominal carbohydrate. e.g.. N-acetylgalactosamine. react differently with the mucin molecules, as demonstrated for DBA and SJA, which d o not react with the mucins whereas the rest of the N-acetylgalactosaminc-specific lcctins do. This observation points to the fact that Carbohydrate residues recognized by lectins are more elaborate in their binding specificity, as the monosaccharides shown in Tablc 1 reflect (Wu et al., 1988) . This complexity of the binding pattern therefore reflects the complexity of the carbohydratc-synthcsizing machinery in mucin production.
